The mechanisms that initiate reproductive development after fertilization are not understood. Reproduction A fundamental problem in biology is to understand how fertilization initiates reproductive development. As shown in Fig. 1 , in higher plants, the ovule generates the female gametophyte, which is composed of egg, central, synergid, and antipodal cells (1). All are haploid except the central cell, which contains two daughter nuclei that fuse before fertilization. One sperm nucleus fertilizes the egg to form the zygote, whereas another sperm nucleus fuses with the diploid central cell nucleus to form the triploid endosperm nucleus (2). The two fertilization products undergo distinct patterns of development. In Arabidopsis, the embryo passes through a series of stages that have been defined morphologically as preglobular, globular, heart, cotyledon, and maturation (3, 4). The primary endosperm nucleus undergoes a series of mitotic divisions to produce nuclei that migrate into the expanding central cell (5, 6). Cytokinesis sequesters endosperm cytoplasm and nuclei into discrete cells (7) that produce storage proteins, starch, and lipids that support embryo growth (8). Fertilization also activates development of the integument cell layers (Fig. 1) of the ovule that become the seed coat and induces the ovary (Fig. 1) (12) . This analysis indicated thatfie is 21.2 + 6.4 centimorgans (cM) above GL1 and 13.3 ± 6.0 cM below the molecular marker ngal62 on chromosome 3. Genetic recombination frequencies and map distances were calculated according to Koornneef and Stam (13) and Kosambi (14).
A fundamental problem in biology is to understand how fertilization initiates reproductive development. As shown in Fig. 1 , in higher plants, the ovule generates the female gametophyte, which is composed of egg, central, synergid, and antipodal cells (1) . All are haploid except the central cell, which contains two daughter nuclei that fuse before fertilization. One sperm nucleus fertilizes the egg to form the zygote, whereas another sperm nucleus fuses with the diploid central cell nucleus to form the triploid endosperm nucleus (2) . The two fertilization products undergo distinct patterns of development. In Arabidopsis, the embryo passes through a series of stages that have been defined morphologically as preglobular, globular, heart, cotyledon, and maturation (3, 4) . The primary endosperm nucleus undergoes a series of mitotic divisions to produce nuclei that migrate into the expanding central cell (5, 6) . Cytokinesis sequesters endosperm cytoplasm and nuclei into discrete cells (7) that produce storage proteins, starch, and lipids that support embryo growth (8) . Fertilization also activates development of the integument cell layers (Fig. 1 ) of the ovule that become the seed coat and induces the ovary (Fig. 1 ) to grow and form the fruit, or silique, in Arabidopsis. Little is known about the mechanisms that control egg and central cell differentiation or about the genetic pathways that activate reproductive development in response to fertilization. To address these issues, we generated and analyzed mutant
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (9) ] were opened, immature anthers were removed, and the flower bud was covered with a plastic bag. Seven days later, the silique was measured and dissected, and the number of seed-like structures and degenerating ovules were counted. To determine the frequency of seed abortion following fertilization, siliques were harvested 10 days after self-pollination and dissected, and wild-type and aborted seeds were counted.
Genetic Mapping. Heterozygous FIE/fie (Landsberg erecta ecotype; fie stands for fertilization-independent endosperm) plants were crossed as males with female plants (Columbia ecotype) that were homozygous for glabrous 1 (gll), a recessive mutation on chromosome 3 (10) that prevents trichome formation (11) . Because the mutant fie allele is only transmitted through the male gametophyte, FIE/fie progeny were crossed as males a second time to female gll/gll (Columbia ecotype) plants. Fifty-five progeny were scored for the segregation of the wild-type FIE and mutant fie alleles, for the presence of trichomes, and for alleles of molecular markers as described (12) . This analysis indicated thatfie is 21.2 + 6.4 centimorgans (cM) above GL1 and 13.3 ± 6.0 cM below the molecular marker ngal62 on chromosome 3. Genetic recombination frequencies and map distances were calculated according to Koornneef and Stam (13) and Kosambi (14) .
Light Microscopy. Nomarski photographs of whole-mount embryos and endosperm were obtained by fixing longitudinally Abbreviation: GUS, 3-glucuronidase.
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slit siliques in an ethanol/acetic acid (9:1) solution overnight, followed by two washes in 90% and 70% ethanol, respectively. Siliques were cleared with a chloral hydrate/glycerol/water solution (8:1:2, wt/vol) (15) . Whole mount preparations were fixed and stained with hematoxylin (16) . Embryo and endosperm were photographed with a Zeiss Axioskop microscope by using Nomarski optics that permits visualization of optical sections within the seed.
j8-Glucuronidase (GUS) Histochemical Assays. GUS activity was detected histochemically as described (17) .
Image Processing. Photographs were scanned using a Microtek scanner. Pictures were processed for publication using Adobe Photoshop 3.0 and printed on a Tektronix Phaser 400 color printer.
RESULTS
Isolation of Mutant Lines. To begin to understand mechanisms that initiate reproductive development, we generated mutant Arabidopsis plants that undergo several reproductive processes in the absence of fertilization. Arabidopsis plants homozygous for the conditional male sterile popl mutation (18) popl mutation, fertilization-independent phenotypes were confirmed after manual removal of anthers from immature flowers before pollen was shed. A total of 12 lines were identified that displayed elongated siliques in the absence of fertilization (data not shown).
Fertilization-Independent Endosperm, Seed Coat and Silique Development. In a representative line chosen for further study, heterozygous plants produced by back crosses to wildtype plants generated elongated siliques after anther removal ( Fig. 2C ) with numerous seed-like structures (Fig. 2F) . These results indicated that heterozygous mutant plants were capable of silique elongation and seed-like structure development in the absence of fertilization.
We compared the development of the mutant seed-like structures to that of wild-type seeds. Fig. 3A shows a mature, unfertilized wild-type ovule and female gametophyte. After fertilization, the endosperm nucleus replicated (Fig. 3B ) and daughter nuclei migrated into the expanding central cell (Fig.  3C ). Ultimately, a syncytium of endosperm nuclei was produced ( Fig. 3G ). Nuclear divisions of the endosperm preceded ( Fig. 3 B and C) the zygotic divisions that formed the globular stage embryo (Fig. 3G ). Embryo, endosperm or seed coat development did not occur in wild-type plants in the absence of fertilization (Fig. 2E) .
Development of the ovule and female gametophyte in heterozygous mutant plants was normal (data not shown). Just before flower opening, female gametophytes in these plants contained a single, prominent central cell nucleus (Fig. 3D ). Subsequently, in the absence of fertilization, central cells with two large nuclei were detected (Fig. 3E ). Further divisions resulted in the production of additional nuclei that migrated into the expanded central cell (Fig. 3F ). Later in development, a nuclear syncytium was formed with abundant endosperm nuclei (Fig. 3H ). These results indicated that the central cell in mutant female gametophytes initiated endosperm development in the absence of fertilization. We have named this mutation fie for fertilization-independent endosperm. By contrast, replication of other nuclei in fie female gametophytes (egg, synergid, or antipodal) was not detected (Fig. 3) . Thus, thefle mutation specifically affects replication of the central cell nucleus.
We analyzed the frequency of multinucleate central cell formation in fie female gametophytes by comparing the percentage of multinucleate central cells at 3, 5, and 6 days after emasculation of heterozygous FIE/fie and control wild-type flowers. As shown in Fig. 4 We compared the fertilization-independent development of the maternal seed coat in FIE/fie seed-like structures to that of fertilized wild-type seeds. The seed coat in wild-type Arabidopsis (Fig. 3G) is generated by the integuments of the ovule (Fig. 3A) and surrounds the developing embryo and endosperm. Similarly, FIE/fie ovule integuments (Fig. 3D) formed a seed coat (Fig. 3H ) that surrounded the developing mutant endosperm. These results indicated that the fie mutation activated both endosperm development and maternal sporophytic seed coat (Fig. 3H) These results confirmed that inheritance of afle mutant allele by the female gametophyte resulted in embryo abortion and that inheritance of afie mutant allele by the male gametophyte did not affect pollen function. Thus, the wild-type FIE allele probably carries out a function unique to the female gametophyte and does not appear to be needed for male fertility. In the genetic analysis described above, all plants that displayed fertilization-independent development also produced 50% aborted seeds after self-pollination. The fact that perfect cosegregation was observed among 372 plants tested suggests that a single fie locus is responsible for both mutant phenotypes. This conclusion is supported by the fact that 11 otherfie lines, independently isolated in our screen, also displayed both phenotypes (data not shown). It is not possible to test for allelism by genetic complementation because these mutations are gametophytic. However, preliminary mapping experiments suggested thatfle (see Material and Methods) and an additional three lines (data not shown) all map to the same region on chromosome 3, and may represent multiple fie alleles.
What is the relationship among the two fie phenotypes, fertilization-independent endosperm development, and the production of aborted embryos after pollination? One possibility is that premature replication of the central cell nucleus in the fie female gametophyte prevents fusion of the male and central cell nuclei, resulting in an endosperm that lacks a set of paternal chromosomes. Deviation from the 2:1 maternal/ paternal ratio of chromosomes in the endosperm has been shown in certain plant species to result in defective endosperm formation and embryo abortion (19) . To address this issue, we performed genetic crosses using genetically marked pollen from plants homozygous for a seed-specific reporter gene [f-conglycinin promoter (20) fused to GUS coding sequences (21) ]. Control crosses to wild-type females generated seeds that displayed GUS activity in the endosperm and embryo (Fig. 6A) . When FIE/fie females were used in genetic crosses, GUS activity encoded by the paternal marker gene was observed in the endosperm and aborted embryo (Fig. 6B) . Similar results were observed when endosperm and embryo were separated before staining (data not shown) and when promoters from other genes expressed during seed development, such as DC8 (22) Pollen from a wild-type plant homozygous for a chimeric reporter gene consisting of the promoter for an a' subunit of ,3-conglycinin gene (20) fused to GUS coding sequences (21) . Seven days after pollination, seeds were dissected and stained for GUS activity. (A) Embryo (Fig. 3) showing that the maize endosperm interacts with nearby maternal cells (31) . FIE/fle plants also display fertilization-independent elongation of the ovary to form the silique. We propose that a signal is produced by the developing seed-like structures to initiate silique elongation. This is in agreement with experiments suggesting that seeds are the source of hormones, auxins and gibberellins, that activate fruit development (32) . Taken together, these results suggest that the fertilized female gametophyte activates maternal developmental programs. Relationship Betweenfie and Apomixis. Certain plant species display aspects of fertilization-independent reproductive development, including apomictic generation of embryo and endosperm and development of the maternal seed coat and fruit (reviewed in ref. 33 ). The fie mutation reveals that Arabidopsis, a sexually reproducing plant, has the genetic potential for aspects of fertilization-independent reproductive development. It is not known whether the mechanism of fertilizationindependent endosperm development conferred by the fie mutation is the same as autonomous endosperm formation observed in certain apomictic plant species. However, the fact that the fie phenotype is caused by a single genetic locus substantiates the view that the number of genetic differences between sexually and asexually reproducing plants is small (34) .
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